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Abstract 
Autoclave prepreg moulding technique has been the traditionally used process for the manufacture of primary aircraft composite 
structures. Alternate processing technologies, which are cost effective and less energy intensive, are being explored by the 
industry. Techniques like liquid composite moulding, especially variants of vacuum assisted resin transfer moulding (VARTM) 
processes have been successfully applied to realise large sized components albeit with minimum degree of cocuring. CSIR-NAL 
has developed a proprietary infusion process called ‘Vacuum Enhanced Resin Infusion Technology’ (VERITy) which can be 
used for large scale cocuring. The objective was to realise a co-infused and cocured wing test box consisting of bottom skin, 
spars, ribs, gussets and stringers. The challenge lies in the usage of appropriate tooling philosophy to suit the infusion process and 
control of flow characteristics in a complex preform with proper infusion strategy. A ‘Rigid–Flexible’ tooling concept was 
adopted so that the applied pressure is faithfully transferred by tools to the preform underneath for proper consolidation, without 
compromising on dimensional requirements. Infusion of resin into well compacted network of reinforcement with varying 
thickness is tricky and difficult because of the complex flow characteristics. Infusion strategy was worked out based on the 
experimental data as the flow simulation at such a level is equally challenging. Both parallel and series infusions were adopted 
for co-infusing the wing test box. Ultrasonic scan results show that the part was defect free vindicating tooling concepts and 
infusion strategies adopted. 
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1. Introduction 
There has been a growing interest in the use the advanced composite materials in aerospace applications due to 
their high specific strength, stiffness, tailorabilty, corrosion resistance and the like. Autoclave moulding using 
prepregs is the main manufacturing technique used for primary airframe structures as it results in parts which are 
well consolidated having higher volume fraction of fibers & lower void content. However, there are certain 
limitations with prepregs viz., limited out life and shelf life, storage typically at -18°C, clean room environment for 
lay-up etc. Researchers have been contemplating on alternate processing techniques like liquid composite moulding 
(LCM) which are economical. Vacuum assisted rein infusion technique is one such technique which is gaining 
popularity for producing large structures like marine structures. 
 
There are many variants of the vacuum infusion process, one such by Ragondet A (2005). The common processes 
are VARTM-Vacuum Assisted Resin Transfer Moulding by Koefoed MS (2003) and Correia NC et al. (2004), 
SCRIMP-Seemann Composites Resin Infusion Moulding Process by Boh JW et al. (2005), VARI- Vacuum Assisted 
Resin Infusion process by Tzetzis D et al. (2008), VAP, FASTRAC and so on. All these processes are typically a 
three-step process including lay-up of a fiber preform, impregnation of the preform with resin, and cure of the 
impregnated panel. These processes are now being explored for manufacturing airframe structures. The Japan 
aerospace exploration agency (JAXA), Yosuke Nagao et al. (2005), has developed empennage structure using A-
VaRTM process. 
 
Generally, infusion processes are plagued by limitations such as lower fiber volume fraction, lack of uniform 
resin distribution, higher porosity, control on thickness of part, clogging of resin and vacuum feed lines and the like. 
CSIR-NAL has developed a proprietary infusion process called VERITy (Vacuum Enhanced Resin Infusion 
Technology), Kundan et al. (2013), to overcome the above limitations. The process is designed in such a way that it 
is scalable from a laminate level to a complex cocured primary structure like the wing of a transport aircraft. A 
schematic of the VERITy process is shown in Fig.1 below. 
 
Fig. 1. Schematic illustration of the vacuum enhanced resin infusion technology (VERITy) 
 
The principle of VERITy is that the reinforcement is held in a tool cavity, infused with resin by maintaining a 
differential pressure using vacuum to impregnate fiber bundles. Subsequently part is cured in an autoclave wherein 
external pressure is applied prior to gelation in order to achieve desired fibre volume fraction and better compaction 
of cocured joints and thicker regions.  
 
For airframe structures, it is important to achieve the optimum mechanical properties and stringent dimensional 
tolerances with quality of parts similar to parts produced by autoclave/prepreg technique. Scaling up of VERITy to 
realize a co-infused cocured wing test box led to the development of several complementary technologies like 
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flexible tooling, controlled bleed and hybridization with the autoclave moulding technology. This paper presents 
some of the challenges encountered while realizing the wing test box. 
2. Geometrical Details of Wing Test Box 
CSIR-NAL is developing a multirole transport category aircraft with 35% of composites in the airframe. The wing is 
proposed to be manufactured using VERITy process with a specific objective of 20% weight saving compared to an 
equivalent metallic wing and at least 15% cost saving compared to prepreg/autoclave manufacturing process. Higher 
degree of cocuring was envisaged for the proposed wing in order to realize the projected weight saving. The wing 
test box under consideration represents a portion of the wing at the splicing region where both outboard wings are 
attached to the centre wing as shown in Fig. 2.  
 
 
 
 
 
Fig. 2. Overview of the SARAS wing indicating portion of area chosen for wing test box 
 
The wing test box consists of the following major parts (a) bottom skin cocured with two spars with twelve 
gussets, four ribs with sixteen gussets, and eighteen stringers (b) top skin cocured with stringers (c) composite 
beams in landing gear region and few others. An exploded view of wing test box is shown in Fig. 3. Top skin is 
fastened to the bottom cocured structure along with composite front and rear beams and a few other metallic parts. 
 
 
 
 
Fig. 3.(a) Design of wing test box; (b) exploded view with nomenclature 
 
Outer Wing 
Centre Wing 
a b 
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The wing test box comprises of many composite and metal parts. The most complex composite part was the 
outboard cocured bottom skin with integral construction. The skin thickness varies from 2.72 mm to 18.36 mm. The 
bottom skin had cutouts in the centre in each bay for access for fastening and sealing. The splicing rib namely rib #6 
was also cocured with outboard bottom skin. The splicing rib was of I section with skins from outboard wing and 
centre wing getting fastened on flange on either side of the web. The top and bottom flanges and web of #6 rib were 
stabilized with number of vertical gussets on both sides to prevent the joint rotation under loading. Both front and 
rear spars were of J section and had gussets to stabilize the web. Inter spar ribs were also of J section containing 
crimped cutouts. Stringers were of ‘hat section’ made with Rohacell 110 RIST foam of 10mm thickness and were 
cocured with the skin. The foam had a dual role to perform. It supported the preform during infusion to achieve a hat 
section during processing stage and subsequently stabilized the thin wall of stringers against buckling under 
compressive stresses.  
3. Risk Mitigation using Building Block Approach for the Process Development 
The complexity and enormity of the task posed a lot of risks from processing and tooling point of view considering 
the fact that the processing would be through resin infusion. Moreover, the development of such a highly integrated 
structure using vacuum assisted resin infusion technologies is not reported in open literature till date. Risk 
mitigation is one of the foremost strategies when it comes to the usage of new processing technology, especially on 
a complex structure. A building block approach as laid out in MIL-HDBK-17-5 was adopted for the development of 
wing using VERITy process.  In this scenario, challenges were twofold, namely to demonstrate the application of 
VERITy process to a large cocured structure and the structural substantiation simultaneously. The philosophy is to 
begin with small specimens and progress through structural elements and details, sub-components and finally to 
realize the complete full scale product. The knowledge is assimilated at each level and lessons learnt at previous, 
less complex levels are addressed progressively. A program was launched to understand various process parameters, 
flow patterns and tooling technology and the interaction amongst them. The chronological development of VERITy 
is pictorially depicted in Fig. 4.  
 
Building Block Approach for 
Development of VERITy Process (Ref: MIL-HDBK-17-5) 
Component Level 
Co-cured Bottom Skin & 
Co-cured Top Skin 
 
Sub Component Level 
Wing Test Box 
Element, Detail Level 
T–joints, Skin-splice, 
Spar splice 
Coupon Level 
Process Parameters, 
Characterization 
 
Fig.4. Chronology of VERITy process development 
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A lot of work was carried out on laminates with varying thicknesses, skin-stringer panels, spar joints, T joint 
specimens for stabilizing the infusion process and process parameters thereof. At the sub-component level, it was 
proposed to design, develop and qualify a wing test box so as to understand the difficulties and challenges both in 
processing and design.   
4. Major Technological Challenges Encountered 
The journey of development of a co-infused cocured box throws up many technological hurdles. Some of them 
are: 
 
x Selection of materials and optimization of process parameters 
x Design and development of tools 
x Layup of dry layers and assembly preforms 
x Design of infusion strategy 
4.1 Selection of materials and optimization of process parameters 
For the development of wing test box, reinforcement used was a unidirectional (UD) carbon fabric (G 0827-
BB1040-HP03-1F) from Hexcel Corporation. The fabric had 97 % carbon fibres in the warp direction and 3 % glass 
fibres in the weft direction. The fabric also had a small percentage of binder which enables preforming of layer 
stack. The cured ply thickness was around 0.17mm. The resin system used was EPOLAM 2063 from AXSON, 
Technologies. Rohacell 110 RIST foam from EVONIC Gmbh, was used for making the hat stringers. 
 
The infusion was performed by pre-heating the mould to 50ºC and infusing the resin mixture at 45º C. The resin 
mixture was degassed for ten minutes prior to infusion. In view of large amount of cocuring, it was decided to apply 
a small amount of external pressure while curing using an autoclave for better compaction of cocured joints and 
thicker regions.  A systematic approach was adopted wherein rheological studies were carried out using dielectric 
method to determine the pressure application window (PAW). A detailed account of process development can be 
found in the Journal of the Indian Institute of Science, Vol 93:4 Oct.-Dec. 2013 by Kundan et al. 
4.2 Design and development of tools 
Tooling is the heart of any composite manufacturing technique. The final geometry of component and its 
consolidation depend on the quality of tools used. The principal objective of tools is to transfer the applied pressure 
during processing faithfully to the laminate without compromising on the dimensional requirements.  
4.2.1 Tool design philosophy 
The design and development of internal tools for a cocured structure requires a thorough understanding of the 
requirements of infusion process and assembly sequence of preforms (by Ramesh S (2006)). Two principal aspects 
that need to be followed in the tool design are; a) Preform tools for layup and caul plates for infusing and curing 
have to be different. This is due to the usage of resin distribution medium during infusion on the external surface of 
preform and b) A ‘Rigid-Flexible’ concept needs to be followed wherein one tool is rigid and the matching tool is 
flexible. This allows for co-curing of the components wherein proper compaction of the laminate is achieved. The 
goal is to achieve good consolidation without losing dimensional accuracies of integrated parts. Since only one test 
box was proposed to be manufactured, the amount of tooling was kept to a bare minimum and prototype tooling was 
manufactured so that the tooling cost was economical. 
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4.2.2 Preform and curing tools 
Skin and stringer thicknesses were simulated on a flat tool in order to fabricate the caul plates for skin and 
stringers as shown in Figs. 5 and 6. Appropriate allowance for resin distribution medium was built on the dummy 
skin to fabricate caul plates. The finished caul plates for skin and stringer are shown in Fig. 7.   All the preform tools 
for stringers were fabricated using plywood sheet of 10 mm thickness. The shape of the plywood simulating the 
foam shape along the length was NC programmed and cut in water jet cutting machine. The plywood is fastened to a 
flat base and skin variations were created on the base as shown in Figs 8 and 9. Spar and rib sections were of J 
section which requires manufacturing of both C & Z tools for component layup. In order to reduce the tooling, only 
C tool was fabricated and a bottom plate with required profile was attached to the main C tool. The following 
procedure was envisaged for component layup of ribs/spars. Initially this plate would be removed and only C side 
layup would be carried out. The bottom plate would be re fixed and UD rovings would be filled in the fillet region 
formed by C tool and bottom plate.  Subsequently, Z side layup would be done on the assembly of C tools and 
bottom plate. Rib preform C tools were made using Plaster of Paris casting as shown in Fig.10. Rib tools were 
provided with crimping as per design requirements. Bottom plate extension for rib and spar preform tools are shown 
in Fig.11. Spar preform C tools were manufactured using glass epoxy composites on a Plaster of Paris master model 
as shown in Fig 12. Using the same master model set up, preform and curing tools for spar gussets were 
manufactured. Preform tool for rib #6 gussets were fabricated in the form of C section as shown in Fig.13. Both 
preform and curing tools for ribs and spars were developed from a single master model, which reduced the tool 
realization time by 25% and had one to one matching with offset accounting for resin distribution medium in curing 
tools.  Curing tools were split at fillet regions so as to allow the movement of caul plate when pressure is applied. 
Proper splitting was done at all the corners and each segment was separately identified. This was a huge task 
especially when cocuring the outboard bottom skin which had more than 400 split tools. 
 
   
Fig. 5. Dummy top skin- Outboard Fig. 6. Dummy top skin- Inboard Fig. 7.Curing tools for cocured bottom skin 
    
Fig. 8. Preform tools for 
stringers 
Fig.  9. Preform tools for 
stringers in cocured bottom skin 
Fig.10. Preform tools for ribs- 
C side 
Fig. 11. Support plate for 
preform tools of ribs & spars- Z 
side 
 
  
Fig.12.Preform tools for spar gussets Fig. 13. Preform tools for splicing rib gussets 
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4.3 Layup of dry layers and assembly preforms 
Unlike prepregs which readily adhere to the previous layer/tool surface on application of light pressure by a 
roller, the dry fabric does not adhere which is an impediment while laying up a complex is shaped part. In order to 
overcome this, the fabric selected had a binder of about 2-3% on its one surface. The binder is sprayed on the fabric 
surface during manufacturing of fabric itself. The binder helps layers to be preformed under heat and vacuum. This 
ensures better dimensional stability to the preform. Infusion was carried out on preformed fabric to study the effect 
of binder. It was observed that the progress of flow front was slower for the preformed fabric when compared to 
layer stack without preforming from a macroscopic wetting point of view. The slow movement of resin was due to a 
well-packed network of reinforcement.   
 
Skin layers were laid-up on a flat mould using a polyester (Mylar) sheet. These layers were preformed in-situ by 
heating with a hot iron. All the ribs and spars were laid up as described in tool design. The stringers were laid-up on 
wooden preform tools separately and water jet cut Rohacell 110 RIST foam was used to make the hat section. 
Required heat treatment was carried for Rohacell foam in order to remove the absorbed moisture. All individual 
elements were preformed prior to assembly on the skin lay-up. The assembled preforms of outboard top skin with 
stringers and outboard bottom skin with stringers, ribs, spars and gussets is shown in Fig.14. 
 
  
Fig.14. Manufacturing process of (a) cocured top skin; (b) cocured bottom skin 
4.4 Design of infusion strategy 
Infusion strategy plays a key role, especially in components where the thickness and geometry of a component 
varies from section to section and a lot of features are to be co-cured. It is important to know the flow front behavior 
in order to come out with a proper infusion strategy. Recourse to numerical simulation of flow front was not possible 
because of the uncertainties associated in simulation of flow through a ‘complex preform’. In view of this, a lot of 
experimental data was collected on the resin flow front in laminates of different thicknesses, tapering zones, skin-
stringer panels, skin-rib panels and skin-spar panels. The total number of laminates/ panels/ features infused for data 
generation was more than 200.  The resin flow front progress on each of the above was closely observed and 
analyzed, particularly at stiffener skin junction and stringer skin junctions. The ultrasonic evaluation of the 
laminates/ panels/features fabricated was carried out and appropriate corrections were done in terms of number of 
infusion lines, quantity of resin, placement of resin distribution medium etc. The exhaustive experimental data 
helped in arriving at the infusion strategy for the wing test box. 
 
The time available to complete the infusion was limited for a large and complex structure like wing test box. A 
novel strategy was employed wherein sequential and parallel infusion strategies were employed together. Since the 
thickness variation was very large especially near splicing region, additional infusion ports were provided on thicker 
regions so that coverage area of each resin port was reduced and thereby increasing its effectiveness. The infusion 
strategy adopted for cocured bottom skin is shown in Fig.15 below. 
a b 
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Fig. 15. Infusion strategy adopted for cocured bottom skin 
 
The infusion was carried out inside the autoclave itself. During infusion, the vacuum was continuously applied at 
one end and infusion was started at infusion line-1 (IL-1) in the center. Once the bottom flow front reached the 2nd 
infusion line (IL-2), the 1st line was closed and 2nd infusion line was opened. This was continued until last infusion 
line. The time taken by 1st infusion line was 35 minutes and the total infusion time was 95 minutes. The required 
amount of resin was calculated assuming a 68 to 32 fibre to resin ratio by weight for the entire part. A total of 24 kg 
resin mixture was infusion in order to completely wet out the performs. 
5. Nondestructive Evaluation (NDE) 
NDE plays an important role in the development of processing and vindicates tooling technology adopted. All the 
composite parts of wing test box were subjected to ultrasonic evaluation. The scanning was carried out in many 
segments due to its complex geometry. The major portion of scan was carried out by C-scan method. The other 
regions such as all the joints and non-accessible areas are qualified by A-scan method. Parts were consolidated 
properly except at few places in the cocured bottom skin where slightly higher attenuation levels were noticed. This 
was attributed to the improper resin flow into these areas. Fig.16 shows the NDE scan results of the cocured top skin 
and scan results of skin portion of cocured bottom skin. 
 
  
 
Fig.16. wing test box skin with scan (a) cocured top skin;(b) cocured bottom skin 
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6. Structural Qualification of Wing Test Box  
All the composite components were trimmed to final dimension for assembly. The photograph of substructure 
during assembly and the assembled box mounted on the structural test rig is shown in Fig. 17. The test box 
withstood the design loads successfully thus proving the infusion and tooling technology developed for large 
cocured co-infused structures. 
 
  
Fig. 17. (a) Assembly process of wing test box; (b) assembled wing test box mounted on test rig 
7. Conclusions 
It is important to follow the building block approach to understand the nature of flow front and the finer nuances 
of controlling it to get a proper infusion. Even though it would be ideal to perform a numerical simulation of the 
flow front, there are uncertainties associated in view of the complex nature of wing test box preform. The exhaustive 
experimental data available at lower levels of building block approach was used to arrive at a proper infusion 
strategy. Parallel and sequential resin infusion used so as to keep the infusion time to a very minimum. More 
number of resin ports were given at thicker areas so that effectiveness of the ports are maintained. Prototype tooling 
was developed to manufacture preform and curing tools. Stiffness of tools was tailored so that the flexibility was 
maintained without compromising on the dimensional requirements. Appropriate allowance for resin distribution 
medium was given for curing tools. Curing tools were split in the corners to build in additional mobility at joints 
during application of pressure. The wing test box components were subjected to ultrasonic evaluation to assess the 
consolidation which showed that the majority of the cocured box was well consolidated except at a few locations in 
the thickest zone. The box subjected to structural testing and qualified. The applicability of infusion process was 
validated on a complex cocured co-infused wing test box.  Finally, it is important to note that the weight of the final 
box manufactured was within 2% of the drawing weight. 
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